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by both in-situ single-crystal and powder X-ray diffraction techniques on samples with structure types I,
II, and H in diamond-anvil cells. The diffraction data for types II (sII) and H (sH) were refined to the
known structures with space groups Fd3m and P63/mmc, respectively. Upon compression, sI methane
hydrate transforms to the sII phase at 120 MPa, and then to the sH phase at 600 MPa. The sII methane
hydrate was found to coexist locally with sI phase up to 500 MPa and with sH phase up to 600 MPa. The
pure sH structure was found to be stable between 600 and 900 MPa. Methane hydrate decomposes at
pressures above 3 GPa to form methane with the orientationally disordered Fm3m structure and ice
VII (Pn3m). The results highlight the role of guest (CH4)-host (H2O) interactions in the stabilization
of the hydrate structures under pressure.
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Elsevier1. Introduction
Methane hydrate was discovered in the year 1930, and has
attracted much interest since then. Methane hydrates are very
important materials that exist in ocean floor sediments and
permafrost and are believed to exist in planetary bodies and moons
(such as Titan). Fig. 1 shows the worldwide distribution of
confirmed or inferred gas hydrate-bearing sediments according to
a USGS public database [http://pubs.usgs.gov/of/1996/of96-272/
ch03.html]. By some estimates, the energy locked up in
methane hydrate deposits is more than twice the global reserves of
all conventional gas, oil, and coal deposits combined. They could
one day become a major energy resource. As a union of water and
the simplest organic molecules, these crystals may contain secrets
about life in extreme environments (including elsewhere in the
Figure 1 Worldwide distribution of confirmed or inferred offshore gas hydrate-bearing sediments, 1996. (Source: USGS).
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and gas-like, these materials exhibit unusual physical properties
(such as very low thermal conductivity). It is possible that the
study of methane hydrate may aid in the development of new
classes of technological materials (Kvenolden, 1988; Stern et al.,
1996).
Methane hydrates are usually formed, under conditions of low
temperature and high pressure, but crystal structures and theFigure 2 The methane hydrate crystalline structures under modest press
(marked as MH I e cubic Pm3n, MH II e cubic Fd3m and MH H e hexago
other methane hydrates) under modest pressure regions are shown on the to
for these three phases at the bottom row.stability of these materials have not been studied systematically.
We have utilized in-situ high pressure synchrotron radiation
techniques to study the crystalline structures, chemical composi-
tions and structural stability of methane hydrates at modest
pressures (<6 GPa) and at ambient temperature. High quality
single crystals have been formed in diamond-anvil cells (DACs)
and studied with energy dispersive X-ray diffraction method.
Three phases of methane hydrate at modest pressure (<1 GPa)ure regions. The morphologies of different phases of methane hydrates
nal P63/mmc) synthesized as single crystals (Coexisting water(ice) and
p row. The atomic structures and chemical compositions are described
Figure 3 The characteristic EDXD profiles of methane hydrate phases I, II and H.
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water ice and methane has also been studied above 3 GPa with an
angle-dispersive X-ray diffraction technique.2. Experimental methods
In the present study, we loaded pure gas methane (CH4) and water
(H2O) together at modest pressure to form methane hydrate
crystals (Mao et al., 2002). Small Ruby chips loaded in the same
sample chamber were used to monitor pressures above 1 GPa; at
lower pressures, the univariant PeT relations for the methane
hydrate-water-vapor assemblage were used to estimate sample
pressures (see Fig. 1 of Chou et al. (2000)). We synthesized singleTable 1 The structural parameters for three types (I, II, H) of methan
Hydrate crystal structure I
Crystal system Cubic
Space group Pm3n
Cell parameter a Z 11.932(4) Ae
11.725 (3) A
V Z 1698.8(15) A3e
1612.0(12) A3
Ideal unit cell formula 6X$2Y$46H2O
Cavity Small Large
Description 512 51262
Number of cavities/unit cell 2 6
Average cavity radius, (A) 3.95 4.33
Coordination number 20 24
Water molecules each unit cell 46crystal in diamond-anvil cells (DACs) at different pressure in
order to obtain high quality experimental data needed for the
determination of atomic structures of different methane hydrate
phases. This was done by applying a series of heatingecooling
cycles and monitoring the morphologies of samples in DAC under
an optical microscope until only a single crystal was formed with
acceptable crystalline shape, such as those shown in Fig. 2.
Energy dispersive X-ray diffraction (EDXD) was utilized to
study the single crystals with white beams at the superconducting
wiggler beamline X17C, National Synchrotron Light Source
(NSLS), Brookhaven National Laboratory. A Ge solid state
detector was used to collect the diffraction profiles at a fixed 2q
angle of 8. A smooth spectrum of incident energy up to 60 keV
was applied. The diamond cell was mounted on a goniometer withe hydrates.
II H
Cubic Hexagonal
Fd3m P63/mmc
a Z 17.229(2) Ae
17.034(6) A
V Z 5113.9(21) A3e
4942.4(51) A3
a Z 11.978(2) Ae
11.890(3) A
c Z 9.9930(3) Ae
9.9634(3) A
V Z 1241.7(6) A3e
1219.9(6) A3
8X$16Y$136H2O 1X$3Y$2Z$34H2O
Small Large Small Medium Large
512 51264 512 43 5663 51268
16 8 3 2 1
3.91 4.73 3.91 4.06 5.71
20 28 20 20 36
136 34
Table 2 The experimental data for three types (I, II, H) of methane hydrates.
P (GPa) Type Coexist System Space group a (A) c (A) V (A3) Experiment
<0.12 I Cubic Pm3n 11.932(4) 1698.8(15) CHH
I I þ II Cubic Pm3n 11.884(5) 1678.5(22) CHG
I Cubic Pm3n 11.879(9) 1676.3(39) CHO
I Cubic Pm3n 11.856(2) 1666.7(7) CHE
I I þ II Cubic Pm3n 11.851(9) 1664.6(56) CHI
I I þ II Cubic Pm3n 11.84 1659.8 CHF
I I þ II Cubic Pm3n 11.725(3) 1612.0(12) CHQ
0.120 II Cubic Fd3m 17.229(2) 5113.9(21) CHP
0.165 II I þ II Cubic Fd3m 17.206(4) 5093.9(39) CHO
0.180 II Cubic Fd3m 17.197(2) 5086.1(16) CHR
0.181 II Cubic Fd3m 17.196(4) 5085.0(36) CHU
0.200 II I þ II Cubic Fd3m 17.188(3) 5077.8(87) CHG
0.230 II I þ II Cubic Fd3m 17.178(4) 5068.8(32) CHV
0.232 II I þ II Cubic Fd3m 17.176(4) 5067.1(33) CHF
0.280 II Cubic Fd3m 17.157(1) 5050.2(7) CHS
0.320 II Cubic Fd3m 17.141(4) 5036.4(35) CHT
0.360 II Cubic Fd3m 17.124(7) 5021.1(60) CHM
0.510 II I þ II Cubic Fd3m 17.073(7) 4976.8(57) CHAB
0.560 II Cubic Fd3m 17.057(9) 4962.7(83) CHI
0.625 II I þ II Cubic Fd3m 17.034(6) 4942.4(51) CHQ
0.630 II II þ H Cubic Fd3m 17.033(12) 4941.9(99) CHK
0.60 H Hexagonal P63/mmc 11.980(2) 9.9920(3) 1241.9(5) CHJ
H II þ H Hexagonal P63/mmc 11.970(6) 9.9891(6) 1239.6(12) CHK
H Hexagonal P63/mmc 11.928(5) 9.9578(5) 1226.9(12) CHS
0.90 H Hexagonal P63/mmc 11.901(4) 9.9629(4) 1222.1(8) CHB
H Hexagonal P63/mmc 11.89(3) 9.9634(3) 1219.9(6) CHA
Table 3 The comparison of characteristic diffraction peaks and their over tune reflections for phases I, II, and H, between the experimental
observations and predictions from the orientation matrices.
Type-I Type-II Type-H
Crystal system Cubic Cubic Hexagonal
Space group Pm3n Fd3m P63/mmc
h k l d (A) d (A) h k l d (A) d (A) h k l d (A) d (A)
1 1 0 8.4372 8.2908 1 1 1 9.9469 9.8345 1 0 0 10.3735 10.2971
2 2 0 4.2186 4.1454 2 2 2 4.9734 4.9172 2 0 0 5.1868 5.1485
3 3 0 2.8124 2.7636 3 3 3 3.3156 3.2782 3 0 0 3.4578 3.4324
4 4 0 2.1093 2.0727 4 4 4 2.4867 2.4586 4 0 0 2.5934 2.5743
5 5 0 1.6874 1.6582 5 5 5 1.9894 1.9669 5 0 0 2.0747 2.0594
6 6 0 1.4062 1.3818 6 6 6 1.6578 1.6391 6 0 0 1.7289 1.7162
1 1 1 6.8890 6.7694 2 0 0 8.6143 8.5169 0 0 1 9.9930 9.9634
2 2 2 3.4445 3.3847 4 0 0 4.3071 4.2585 0 0 2 4.9965 4.9817
3 3 3 2.2963 2.2565 6 0 0 2.8714 2.8390 0 0 3 3.3310 3.3211
4 4 4 1.7222 1.6924 8 0 0 2.1536 2.1292 0 0 4 2.4982 2.4909
5 5 5 1.3778 1.3539 10 0 0 1.7229 1.7034 0 0 5 1.9986 1.9927
1 0 0 11.9320 11.7250 2 2 0 6.0912 6.0224 1 0 1 7.1969 7.1603
2 0 0 5.9660 5.8625 4 4 0 3.0456 3.0112 2 0 2 3.5984 3.5801
3 0 0 3.9773 3.9083 6 6 0 2.0304 2.0075 3 0 3 2.3990 2.3868
4 0 0 2.9830 2.9313 8 8 0 1.5228 1.5056 4 0 4 1.7992 1.7901
5 0 0 2.3864 2.3450
6 0 0 1.9887 1.9542 1 1 3 5.1946 5.1359 1 1 0 5.9892 5.9450
2 2 6 2.5973 2.5679 2 2 0 2.9946 2.9725
2 1 0 5.3362 5.2436 3 3 9 1.7315 1.7120 3 3 0 1.9964 1.9817
4 2 0 2.6681 2.6218 4 4 0 1.4973 1.4863
1 3 3 3.9525 3.9078
2 1 1 4.8712 4.7867 2 6 6 1.9762 1.9539 1 1 1 5.1372 5.1053
4 2 2 2.4356 2.3934 3 9 9 1.3175 1.3026 2 2 2 2.5686 2.5526
6 3 3 1.6237 1.5956 3 3 3 1.7124 1.7018
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Table 4 The orientation matrix and comparison between the observed and predicted (from orientation matrix) lattice d-spacings (hkl) from
the single crystal methane hydrate in phase II at 25 C and 250 MPa. The space group Fd3m, with cell parameters of a Z 17.197(2) A and
V Z 5086.1(1.6) A3, was determined from the data.
Orientation matrix
0.02036 0.02290 0.04942
0.03768 0.03218 0.03043
0.03933 0.04268 0.00357
Lattice planes and corresponding d-spacings from observation and calculation
h k l dobs, A dcal, A h k l dobs, A dcal, A
3 5 1 2.907 2.906 2 0 2 6.070 6.079
3 5 5 2.238 2.238 4 0 4 3.035 3.039
1 1 1 9.920 9.926 6 0 6 2.024 2.026
2 2 2 4.950 4.963 8 0 8 1.522 1.520
3 3 3 3.304 3.308 10 0 10 1.217 1.216
4 4 4 2.481 2.481 5 1 7 1.986 1.985
5 5 5 1.983 1.985 3 1 5 2.903 2.906
6 6 6 1.652 1.654 6 2 10 1.456 1.453
7 7 7 1.415 1.418 8 0 4 1.923 1.922
8 8 8 1.241 1.241 3 1 3 3.938 3.944
1 1 5 3.307 3.309 6 2 6 1.971 1.972
2 2 10 1.650 1.654 5 3 7 1.887 1.887
2 2 4 3.498 3.510 6 0 2 2.718 2.718
4 4 8 1.752 1.755 12 0 4 1.363 1.359
2 2 8 2.024 2.026 5 1 3 2.905 2.906
2 0 6 2.715 2.718 10 2 6 1.454 1.453
3 1 3 3.939 3.944 4 2 4 2.862 2.866
6 2 6 1.968 1.972 8 4 8 1.432 1.433
3 1 7 2.236 2.238 5 3 5 2.238 2.238
5 1 3 2.901 2.906 7 1 3 2.236 2.238
Figure 4 The cell parameter V (A3) vs pressure of sII methane
hydrate.
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dimensional coarse scans of u and c were first applied to find
several diffraction peaks for orientation matrix determination.
Fine one dimensional scans of omega and chi near the diffraction
peak candidates, as predicted from the obtained orientation
matrix, were then collected for structure refinements.
The methane hydrate decomposed to solid methane and ice
powders above 3 GPa. Angle-dispersive X-ray diffraction
(ADXD) was utilized for structure analysis. Monochromatic X-ray
beams, 40 keV, were focused to around 10 mm in diameter
(FWHM) for the diffraction study at 16BM-D beamline, High
Pressure Collaborative Access Team (HPCAT) of the Advanced
Photon Source (APS), Argonne National Laboratory. Powder
diffraction data were collected with a Mar3450 Imaging Plate with
a pixel size of 100 mm. As both the methane and ice crystalline
sizes are small, the diffraction data collected without sample
rotation gave smooth powder rings. The two dimensional
diffraction patterns were integrated to 1d profiles (intensity vs. 2q
angle) with the Fit2D program.
3. Results and discussion
Methane hydrates have been reported to undergo phase transitions
under modest pressures. Cubic phases I and II, and hexagonal
phase H have been reported under pressure and room temperature
(Ripmeester et al., 1987; Chou et al., 2000, 2001; Hirai et al.,
2000; Hirai et al., 2001). Single-crystal X-ray diffractionprovides unambiguous determination of structure as it resolves
orientations in reciprocal space in addition to d-spacings. Over-
lapping lines in polycrystalline diffraction appear at entirely
different locations in c-u reciprocal space in the single-crystal
diffraction.
Table 5 The orientation matrix and comparison between the observed and predicted (from orientation matrix) lattice d-spacings (hkl) from
the single crystal methane hydrate in phase II at 25 C and 600 MPa. The space group P63/mmc, with cell parameters of a Z 11.980(2) A,
c Z 9.992(3) A, and V Z 1241.9(5) A3, was determined from the data.
Orientation Matrix
0.02157 0.02337 0.04867
0.03662 0.03218 0.03168
0.03968 0.04241 0.00278
Lattice planes and corresponding d-spacings from observation and calculation
h k l dobs, A dcal, A h k l dobs, A dcal, A
1 0 0 10.371 10.374 5 0 0 2.076 2.075
1 1 0 5.990 5.990 3 3 0 1.998 1.997
2 0 0 5.193 5.187 0 0 5 1.997 1.998
1 1 1 5.136 5.139 4 2 0 1.960 1.961
0 0 2 4.991 4.996 2 3 3 1.935 1.937
2 0 1 4.609 4.604 5 0 2 1.915 1.916
1 0 2 4.508 4.501 2 4 2 1.823 1.825
2 1 0 3.921 3.921 4 0 4 1.801 1.799
1 2 1 3.649 3.650 6 0 0 1.729 1.729
2 0 2 3.602 3.599 3 3 3 1.709 1.713
3 0 0 3.461 3.458 0 0 6 1.664 1.665
0 0 3 3.328 3.331 6 0 2 1.635 1.634
3 0 1 3.268 3.268 4 2 4 1.543 1.542
2 1 2 3.086 3.085 6 0 3 1.538 1.535
2 2 0 2.996 2.995 3 0 6 1.499 1.500
1 1 3 2.908 2.911 4 4 0 1.499 1.498
3 1 0 2.873 2.877 7 0 0 1.483 1.482
2 2 1 2.868 2.869 2 2 6 1.457 1.456
2 0 3 2.809 2.803 5 0 5 1.440 1.439
1 3 1 2.760 2.765 6 2 0 1.437 1.439
4 0 0 2.596 2.594 4 4 2 1.434 1.434
2 2 2 2.568 2.569 0 0 7 1.426 1.427
0 0 4 2.497 2.498 4 0 6 1.405 1.402
1 3 2 2.492 2.493 6 3 0 1.305 1.307
1 0 4 2.433 2.429 8 0 0 1.296 1.297
3 0 3 2.401 2.399 0 0 8 1.248 1.249
4 0 2 2.305 2.302 6 0 6 1.201 1.200
2 0 4 2.252 2.251 5 5 0 1.198 1.198
2 3 2 2.149 2.149 9 0 0 1.154 1.153
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structure (sI), which has an ideal composition of 5.75 water
molecules to each methane molecule. Each unit cell consists of 46
water molecules with two kinds of cavities: two small cavities are
pentagonal dodecahedra (512), and the six large cavities are tetra-
decahedra (51262). Each cavity hosts one methane molecule. This
type of gas-hydrate structure can only host small gas molecules like
methane and ethane with molecular diameters not exceeding 5.2A.
At pressures below 120 MPa, we observed pure sI methane hydrate
with space group Pm3n. With a small increment of pressure, we
noticed additional diffraction peaks in addition to those for the
single crystal of sI methane hydrate. The extra peaks were indexed
as structure II (sII) with the space group Fd3m for the second most
common gas-hydrate phase. The sII unit cell consists of 136 water
molecules with a water molecule: methane molecule ratio of 5.67,
slightly lower than that of sI. There are also two types of cavities in
sII: 16 small distorted pentagonal dodecahedra (512) and 8 large
hexadecahedra (51264) with four hexagonal faces and twelve
pentagonal faces (Sloan, 1997).For sI methane hydrate, single crystal EDXD patterns were
collected at seven different pressures; the characteristic diffraction
profiles are displayed in Fig. 3(a). Even though, it is difficult to
measure small increments of pressure for pressures below
0.12 GPa, the lattice parameters and volume measurements
consistently decrease as pressure increases. The lattice constants
and volumes at these seven pressure points are between 11.932(4)
and 11.725(3) A, and between 1698.8(15) and 1612.0(12) A3,
respectively.
For sII methane hydrate, single crystal EDXD patterns were
collected at fourteen different pressures, ranging from 0.12 GPa to
0.63 GPa. The corresponding characteristic EDXD profiles,
structural parameters, and the comparison between experimental
measurements and predictions from orientation matrices are
shown in Fig. 3(b) and listed in Tables 1e3. As an example, for
the experiment sample CHS at 250 MPa, a total of 222 diffraction
peaks in 49 classes was observed and the structure can be refined
to a cubic unit cell with space group Fd3m and aZ 17.157 (1) A,
V Z 5050.2(7) A3. We list the orientation matrix, the
Figure 5 The powder diffraction patterns of methane and ice powders decomposed from methane hydrate above 3 GPa, measured with ADXD
with X-ray energy of 40 keV.
J. Shu et al. / Geoscience Frontiers 2(1) (2011) 93e100 99corresponding lattice planes (hkl ) with three integers h, k, and l
being Miller indices, and the d-spacings measured and calculated
(Table 4); as can be seen, the comparison of observed and pre-
dicted data shows an excellent match. An equation of state for
phase II is plotted in Fig. 4 for pressures ranging from 0.12 GPa to
0.63 GPa.Table 6 The observed and calculated d-spacings for methane (CH4)
different pressures.
Pressure 3.0 GPa 3.8
Methane(CH4)
aZbZc (A) 5.3020(4) 5.2
V (A3) 149.05(4) 141
h k l dobs, A dcal, A I dob
1 1 1 3.0631 3.0611 93.9 3.0
2 0 0 2.6511 2.6510 50.1 2.6
2 2 0 1.8744 1.8746 6.9 1.8
3 1 1 1.5986 1.5986 11.8 1.5
Ice VII (H2O)
aZbZc (A) 3.3283(7) 3.2
V (A3) 36.87(2) 35.
h k l dobs, A dcal, A I dob
1 1 0 2.3533 2.3535 1804.5 2.3
2 0 0 1.6647 1.6642 158.4 1.6
2 1 1 1.3590 1.3588 255.6 1.3
2 2 0 1.1769 1.1767 56.5 1.1
3 1 0 1.0528 1.0525 47.8 1.0
2 2 2 0.9611 0.9608 14.3 0.9
3 2 1 0.8901 0.8895 43.6 0.8
4 1 1 0.7840 0.7845 15.8 0.7Single crystal EDXD procedures were conducted on both sI
and sII phases with pressures up to 630 MPa when they were
partially converted to a new high-pressure hexagonal phase with
structure H (sH). The characteristic diffraction profiles are dis-
played in Fig. 3(c), they were found to be stable above 600 MPa
with space group P63/mmc and cell parameters a: from 11.980(3)& ice VII (H2O) powders, and refined unit cell parameters at three
GPa 5.4 GPa
090(4) 5.1132(22)
.34(3) 133.73(17)
s, A dcal, A I dobs, A dcal, A I
080 3.0074 90.3 2.9493 2.9525 74.7
043 2.6045 47.5 2.5554 2.5570 34.6
414 1.8417 11.1 1.8063 1.8080 5.5
707 1.5706 10.9 1.5429 1.5419 6.1
961(4) 3.2578(7)
81(1) 34.58(2)
s, A dcal, A I dobs, A dcal, A I
305 2.3307 1688.9 2.3030 2.3036 1492.2
489 1.6481 131.4 1.6310 1.6289 94.6
458 1.3456 230.3 1.3303 1.3300 183.3
655 1.1654 50 1.1515 1.1519 41.1
427 1.0423 40.5 1.0313 1.0302 29.4
511 0.9515 9.4 0.9398 0.9404 8.5
813 0.8809 33.5 0.8710 0.8707 27.8
767 0.7769 9.4 0.7677 0.7679 8.0
Figure 6 The volume as a function of pressure determined from
methane and ice VII fine powders formed by the decomposition of
methane hydrate at elevated pressures.
J. Shu et al. / Geoscience Frontiers 2(1) (2011) 93e100100to 11.890(3); c: from 9.9935(3) to 9.9634(3) A, and V Z 1241.8
(6) to 1219.9(6) A3. For the experiment sample CHJ at 600 MPa,
a total of 79 diffraction lines in 60 classes were collected and the
structure was refined to a hexagonal system. In Table 5, we list the
orientation matrix determined from the phase H single crystal and
the predicted (hkl ) planes measured by the EDXD method. The
comparison between the observation and calculation shows
excellent agreement, which confirms the quality of the structure
refinement. The determined cell parameters are a Z b Z 11.980
(2) A, cZ 9.992(3) A, and VZ 1241.9(5) A3. The unit cell of sH
contains 34 water molecules with three different kinds of cavities:
three 512 cavities, two new 12 face 435663 cavities, which has
three square faces, six pentagonal faces, and three hexagonal
faces, and one new large 51268 cavity that has twelve pentagonal
faces and eight hexagonal faces. The hydration number is 5.67, the
same as sII, while the large cavities may host larger molecules like
isopentane, a branched chain hydrocarbon molecule with 5
carbons. The characteristic EDXD profiles, structural parameters,
and the comparison between experimental measurements and
predictions are shown in Fig. 3 and listed in Tables 1e3.
With further compression above 3 GPa at room temperature, we
found thatmethane hydrate decomposed intomethane (CH4) and ice
(H2O) fine powders. The methane holds cubic structure with space
group Fm3m, while ice stays as the primitive cubic unit cell with
a space group Pn3m (ice VII). A complicated powder pattern at
1.9 GPa was observed during the decomposition. Four reflections
for methane FCC structure and eight for ice VII structure observed
are used for the unit cell parameter refinements (Fig. 5; Hazen et al.,
1980; Fei et al., 1993; Chou et al., 1998; Mao et al., 2006;
Somayazulu et al., 2008). The measured and calculated d-spac-
ings and refined lattice parameters are listed in Table 6. The equa-
tions of state of both methane and ice VII are plotted in Fig. 6.
4. Conclusions
Single crystal methane hydrate was synthesized in diamond-anvil
cells, and the effects of pressure on structures were examined by
x-ray diffraction techniques. Methane hydrate undergoes phase
transitions from phase I (simple cubic Pm3n) to phase II (FCC
Fd3m) to phase H (hexagonal P63/mmc). The excellent match
between the experimental observations and the predictions based
on the refined cell parameters and orientation matrix indicates the
high quality of the data obtained from single-crystal diffraction.
Such quality of data is impossible to achieve from powderdiffraction. Above 3 GPa, methane hydrate decomposes to FCC
methane and BCC ice VII polycrystals with very fine grain sizes.
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